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SUMMARY

The relation of spark-over voltage to gas density is considered
as a basis for a possible gas-temperature-sens5ngmethod. The”mech-
anism of the electric spark with practical considerations involved in
applying this mechanism *O gas-temperature sensing and the results of

,, expertientalwork directed toward a~plication of the spark-over
vol%age - density relation are discussed.

.
The investigation indicated that application of the spark-

discharge mechanism to a gas-temperature-sensingmethod is feasible.
For use with an automatic-control system, this sensing method would
give a rapid response rate and provide a si&nal output that could be
accommodated in the engine-control system. Experimental results
indicated that gas velocity, electrode-surfacefinish, and a small
static-pressuretap located on an electrode had no appreciable effect
on reproducibility of spark-over voltage and that a small temperature-
sensing probe could be used satisfactorily in a gas-turbine engine.
An error of the order of *2 percent was indicated in determining
spark-over voltage. The error in the determination of gas temper-
ature, however, must also include any error involved in determining
gas pressure.

.

INTRODUCTION

Research on the effect of small variations in temperature on
spark-over voltage was conducted as early as 1888 (reference 1) and
1889 (reference 2). In later years, the electric spark and its rela-
tion to gas density were extensively investigated and reported in
references 3 to 17. The results of these investigationsare used.as
background in the discussion of the mechanism of the electric spark
and the practical considerations involved in a~plying this mechanism
to a temperature-sensingmethod.
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With the advent of new jet-propulsionsystems, additional
problems have arisen in gas-temperature sensing. Cas temperature-
sensing methods in current use are considered unsatisfactory in the
temperature and gas-velocity ranges encountered in such engines.
An investigationof various gas-temperature-sensing=a control
methods is therefore being conducted at the NAC& Lewis laboratory.

The yrincipal requirements of a temperature-5ensing system are
accuxacy, rapid response, reliability, long service life, and usable
signal outyut. In addition to improying current methods of tem-
perature sensing with respect to”these requirements, consideration
has been given to systems that show possibilities of meeting these
requirementsmore fully than those available. Research was conducted
on sensing systems~ased on those gas properties that vary.in a known
manner with the mean energy of-the molecules.

The syarlc-dischargephenomenon’and its rehtion to gas density
as a possible temperature-sensingmethod and tineapplication of this
phenomenon to temperature sensing and control are presented herein.
For?nany years, the spark-dischargephenomenon has been used to
measure high voltages. For the application under consideration, the
s_parkgap can be operated in a range in which voltage may be accu-
rately determined ‘Dyother means.

The preliminary expertientalwork reported herein includes the
effect of gas velocity on s~ark-over voltage, the effects of

. electrode-surfacefinish and of a static-pressuretap in one of the
electrodes on reproducibility of data> and the usefu~ess of a
practical-size special probe in a gas-turbine engine.

Only in recent years has the mechanism of the electric spark
been understood. The streamer theory of spark discharge, tinepresent
concept, was contributedby Loeb (reference3) and Raether (refer-
ence 4). ‘lneyarrived at a qualitative theory of the mechanism of
sparking by streamer propagation from anode
functioning by means of photo-ionization in

to cathode, tinemechanism
the gas.

Sequence of Events

spark is described &The sequence of events that leads to a
condensed form in reference 6. For the case of a discharge between
two parallel @ates, referr~ *O fi~e 1 ~dfollo~~- the
sequence A through J, Loeb states: “The upper plate is positively

,,
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charged; the lower plate, negatively= The field between them (A) has
a strenggh of 30,000 volts ~er centimeter. At the lower left a ran--
dom photon knocks a single electron from an atom. [At (B) is ilhzs-
trated a secondary electron emitted from the cathode by a yositive
ion.] Moving towards the positive plate, the electron collides with
other atoms to liberate an avalanche of electrons. In the wake of
‘&e electrons remain positively-chargedatoms, or ions (C and D).
These ions reinforce the charge of .thepositive plate, thus attracting
new electrons (F) that have been liberated by radiation (E) during
the previous events. The electrons, in turn, ionize more atoms so
that a heavily ionized region (G) begins to extend [see tip at (H)]
towards the negative plate. This process continues until there is a
bridge of ions (J), called a.streamer, between the two plates. It is
this streame,rthat provides the channel for a spark or for lightning.”

Photo-Ionization

The role of photo-ionizationin the preceding sequence of events
is described more fully in reference 3 as follows: “Accompanyingthe
cumulative ionization there is produced by the electrons from four to
ten tties as many excited atoms and molecules. Some are excited to an
energy exceeding the ionizing potential of some of the atoms and mole-
cules present, either by excitation of an inner shell, by ionization
and excitation, or in a mixed gas like air by the excitation of mole-
cules of higher ionizing potential, e.g., N2. These excited atoms or
molecules emit radiations of very short ~~e length in some 10-8 see- ,
end. This short ultraviolet radiation is highly absorbed in the
gas and leads to ionization of the gas. W fact, the whole gas and
the cathode as well are subjected to a shower of-photons of all ener-
gies traveling from the region of dense ionization with the velocity
of light. Thus nearly instantaneously in the whole gap and from the
cathode new photoelectrons are liberated which almost at once begin
to ionize cumulatively.”

StatisticalFactors

The sprking potential is not sharply defined because it depends
upon ionization,which is a chance phenomenon. The sparking poten-
tial, however, is reproducible within +3 percent and for certain con-
ditions within 1 percent according to reference 3. A discussion of
this chance phenomenon, including time factors involved in the spark
mechanism, is given h reference 7. Experimental evidence of the
actual.sparkingthreshold is given in reference 8.

.
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Spark-Over Voltage---.Density Relation ‘ ‘
,- ..,

The voltage required for.s~ark-over for a uniform field in a gas
is primarily-a:function of gap spacing and density of the gas (refer-
ences 1 and 2). The following equation can he written to re~esent
any particular range of.the curve

E =A+BP~ (1)

where

E s-park-overvoltage

A,B constants

P density of gas

2 gap spacimg

Gas density p

between electrodes

can be expressed as

“ii

.

(2) -

where

3? absolute static gas yressure, (lb/sqft)

R gas coti@nt

Z’ absolute temperature, OF.

Combining equations (1) and (2] and expressing them in terms of tem-
perature give the following equation:

BPZ
T=— (3)

R(E-A)

Equation (1) based onl?aschen’s @w (reference2) is not strictly
correct. Deviations from this rel@tion are encountered both at high
vacuums {low densities) and at high pressures (high densities). For
small gal spacings in air, such as those discussed in this paper,
Paschenfs law will be obeyed within the range of eqerimental accuracy
at room temperatures over a pressure range from 1 to 150 pounds per
square inch a’osolute. The limits at elevated temperatures are not

...

4.
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given in any available literature. Paschen’s Jaw
a function of pt, the total number of molecules

5

.

states that E is
that an electron.

encounters in a linear path across the gap.. The spark mechanism is
not dependent on the total number of ions formed in a linear suc-
cession of yrocesses but is dependent’on,,theconcentration of ions “ ‘
(reference3). With the streamer mechanism, syarking ~otentials “ .
will follow different curves, depending umon whether o or 2 is-. {-
varied (reference7). For a“
trode design and gap syacing
plified by combining B, 2,
gi~e

given temperature-sensingprobe, elec-
are fixed. Equation (3) canbe sim-
and R into a single constant K to

T

Absolute gas temperature can

(4)

thus be obtained from measurements of
static pressure and.of spark-over voltage.

DISCUSSION OF FACTORS AFFECTJllGSPARK-DISCIlllRGEMECWISM .

T~es of Electrode and~fect of H~idity

‘Thevarious electrodes used for the spark gay’canbe classified
into three types .asfollows: . .

.-.

Needle gap. - The needle gap is sensitive to’h&idity, -subject
to rapid deterioration of the ~oints, presena alinement and gay-’
spacing maintenance’prollems, requires a gre%er time to form a
spark than other type electrodes, and gives appreciable deviatio~
in spark-over voltage (reference9). Because of’these ~desirable
characteristits, the needle gap is.unsatisfactoryfor use in a
tempera-ture-sensingprobe.

Sphere gap. - The &phere gap, which h& been widely used’in
electrical work, is insensitive to changes in hmidity (references 9
and 10). Maintenance of a fixed gap dimens.io~is much’easier with a
syhere gap than’with a needle gay, the time of formation of a spark
is shorter, spark-over voltages are more consistent;.and byrning of
the’electrode surface is reduced, giving a longer service life.
These characteristicsindicate that,the sphere gap should be ‘con-
sidered for use in a temperat~’e-sensing-probe. ,.,,

Parallel plates. - Parallel-plate‘electrodeshav~ well-rounded
edges are suyerior to the other types of electrode discussed in that
they protide a uniform electric field and require the least time to
form a spark. This tyye of electrode is insensitive to changes in
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humidity, and reproducibilityof spark-over voltages is better than
for other types of gal. Maintenance of a uniform gap is more diffi-
cult with plate electrodes t--with the sphere t~e of gap. If a
uniform gap canbe maintained, the parallel-plate gap is the best
choice for a tem~erature-sensingpro%e.

Effect of Cathode Material
1

The different amounts of electron emission from various cathode
materials may influence the spark-over voltage. According to Loeb
(reference 11), “for longer sparks ( >3 mm) [gaps greater than
0.118 in.] in air at atmospheric pressure it is impossible to detect
with any certainty the effect of cathode material on V~ [spark-over

voltage].” This statement implies that with small gaps there is an
effect. At pressures less than atmospheric, appreciable chakges in
*he spark-over voltages occurred when cathodes having widely different
work functions were used (references12 and 13). The term work func-
‘tion is related to the number of thermionically liberated electrons.
emitted from a material at a gitientemperature. Materials having a“
lowwork function will emit a greater,number of electrons at a given
temperature than materials having a high work function. Low-work-
function materials (bariumalloys) have been used for the electrodes
of ignition sp.rk plugs. The effect of thes= materials is to reduce
the time of formation of the spark and to improve the reproducibility
of spark-over voltage (references3 and 14). The choice of cathode
material for application of the spark-dischargemechanism to tem-
perature sensing must therefore be made on the basis of experimental.
results.

Surface Roughness

Disdonttiuit’ieson the surface of electrodes give low sparking
potentials owing to local discharges. fi the same way, dirt, Impuri-
ties, moisture, and oil also lower the sparking potentials (refer- .
ence 15); consequently,most experimentershave used highly polished
electrodes. A case, however, is cited in reference 15 ~rheremore
consistent results were obtained when the surface contained minute
scratches. Effects of surface condition are also greatest at low
pressures and small gap spacings. An experimental investigation of
tineeffect of surface roughness was made and is reported in a sub- ‘
sequent section of this report.

,,

,,
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Effect of_-Gas.Ve,locity,
.

..
,, From a survey of .lit.erature..on the-effect of gas velocity on
spark discharges, a mall effect of velocity on spark-over voltage

for l/16-tich-iLiameterblunt-endelectrodes was found,and no effect
for 3/16-inch-diameterelectrodes.(~ference 16). The effect reported
in reference 16 may yossibly be avoided by using electrodes that give
a more uniform field, such as spheres or parallel plates with roundea
edges. For application of the spark-dischargemechanism to gas-
temperature-sensingmethods, consisteritresults ‘irrespectiveof gas
velocity wouli be desirable. Tf the time of forming a spark is suf-
ficiently short, the mechanism of spark formation shoula not be a~pre-
ciably affected by change in gas velocity over the velocity range from
zero to sonic. For example, if the time of formation of-a spark
is 10-7 second, a molecule of the gas wouliitravel, &uring spark form-
ation, only 10-~ foot in a airection normal to the gap at a gas veloc-
ity of 1000 feet Ter secona; a small spark-formationtime is there-
fore aesirable. The results of a preliminary investigation of the
effect of gas velocity on spark-over voltage are discussed in a sub-
sequent section

Ionization

of

by

—
this rep&t.

Xffect of Radiant Energy

either alpha or gamma rays in the volume of the
gap is sometimesemployea to-improve reproducibility of sparking
potential and to retiucespark-foma%ion the. Tor sphere gaps, satis-
factory results have been obtainea with small gap spacings bypl.acing
3 to 5 milligrams of raiitaniusiae the sphere in a hole drilled nearly
to the surface of the sphere; the radium ana the gap are separateciby
only a thin layer of metal (reference17). Raiiiationobtainea with
ratium improves ionization without distorting the fiel& With ratliwn,
the ionization is not &istribute& uniformly in time as with light;
that is, one alpha particle will liberate only a Zimite& number of
ions and no more ions will be liberated until the next particle
arrives. The effective ionization is thus &epen&ent upon the nmtier
of alpha or gamma rays per secon&

The effect of the presence of photoelectric emission ona spark-
gap aischarge is one of retlucingthe time of fozmation of the spark
except for very intense illumination,which serves to lower slightly
the sparking yotential. Illumination of a gap by an ailjacentsprk
has been found to reduce spark-over potential 5 to 10 percent (refer-
ence 18). The effect of ultraviolet light on the cathoiieis e~lainea
in reference 3 as follows: “Illmd.nationof the cathoae with ultra-
violet light furnishes a photocurrent i. from the “catho&e. For

-.—. . ..._. .—.. .. . ..———..—.—-. .——_+. . . ..— -- —–——. —..—-.. ..—. --——. ——.—....-= ..—-—. —
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plane-yarallel.gaps under 10 centimeters in’air at atmospheric pres-
sure and for smaller-syheregaps, this source of current ftg?nishes
the most satisfactory arrangement.” Over-voltages of as much as
50 percent were required for small gaps in air without the use of
ultraviolet light (reference 10). These deviations as well as the
formation time canbe reducedif a photoelectric.currentis supplied
from the cathode by use of ultraviolet light.

Gas Composition

Although most of the dat~ in the literature are for spark-over
in air, the effect of gases other than air on spark-over voltage
is discussed in reference 15, which states that, on the whole, the
hi@er the molecular weight of a gas the higher the spark-over volt-
age. Ih the application of the spark-dischargemechanism to tem-
perature sensing, it would often be desirable to sense the tem-
perature of a gas composed of air plus the products of combustion of
a hydrocarbon fuel. Tilegas composition in this case is a function
of fuel-air ratio and combustion efficiency. Fm’ther experimental
study is requ?iredto determine the spark-overvoltage for different
gas compositions encountered in various exhaust gases. In general,
the effect of varying combustion efficiency on gas composition appears
to be a serious ltiitation on the use of the spark-dischargemechanism
for temperature sensing. For the case of the gas-turbine engine, how-
ever, the changes in gas compositionare quite small because these
e~mfies operate at very low fuel-air ratios. Variations in the com-
bustion efficiencyat a fuel-air ratio correspond~~ to the approx-
imate maximum allowable gas temperature Trould probably be insignif-
icant.

?articles of foreign material in the gas, such as might exist
in the products of combustion,will appreciably affect the spark-
over voltage (references10 and 12). The effect is one of lowering
the spark-over voltage from that of the uncontaminatedgas and also
of causing erratic spark-over voltages.

Effect of Thermal Expansion

The effect of thermal expansion on a spark-gap temperature=
sensing probe need be considered only when the probe is used to
indicate rapid changes in gas temperature. Any gradual change in
‘gaps_pacingdue to thermal expansion would be accounted for in the
probe calibration. For use where the gas-tempexat~e change is .
rapid, the effect of thermal expansion must be.~iven c~eful. con-.
sideration h the probe design so as to have a minimum change in
gap spacing with change in temperature.
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Preliminary design calculations indicate that a probe with
Inconel as the electrode material designed for a 1000o 1?instw-
taneous change in gas temperature would ”givean indication accurate
to *lOOOFO The mass of metal subject to the temperature change
would determine the time required for the metal to reach the new gas
temperature. If a probe were so designed that the gap spacing
increased with temperature, the effect of temperature lag of the
metal would be to cause the gas-temperature indication to be higher
than the actual gas,temperature. Thus, if the temperature probe were
used in.conjunctionwith a temperature-limitingcontrol, the limit
temperature would not be exceeded.

Miscellaneous Effects

Such factors as polarity, the effect of a grounded electrode,
rate of voltage increase, and any effects of alternating current
are not discussed herein because these effects would be included
in the calibration of the probe.

Reproducibility of Spark-Over Voltage

Consideration of the results of previous investigatorswith
respect to values of spark-over voltage indicates that it should be
possible under controlled laboratory conditions to reproduce values
of s~rk-over voltage within *2 percent. The various available
values of spark-over voltage for plane-parallel gaps and spherical
gaps agree within *3 percent. An accuracy of +1.5 percent is
clalmed for the sphere spark-gap voltage data presented in refer-
ence 10. These data represent average values of a number of spark-
overs for anJ given condition: In reference 3, it is stated that
observed values of sparking ttipshold need not vary more than 1 per-
cent for a wide range of values of photoelectric current or for
considerable changes in spark-fozmationtime. The accuracy with
which gas temperatures may be ‘determinedby measurement of spark-
over voltage will be depreciated by any error in determining the
required pressure measurement.

ExPERmAL STUDY

An investigationwas made to determine e~erimentally the
effect of gas velocity on spark-over voltage, the effects of electrode-
surface finish and of the presence of a static-pressuretap in one
of the electrodes.on reproducibility of data, and the usefulness of
a special probe of a size practical for use in a gas-turbine engine.

.
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Curves,.calculated using m empirical equation develoyed.in referv
ence 9, served as a guide in the experimental work reported herein.
For sphere gays the empirical equation, which covers a limited range
of conditions of spark-over voltage, is

z .g;
o

where

%

z

f.

r

a

P

P.

average voltage gradient’between

(5)

.

limits of separation of

z = 0.54fi and Z = 2r;
( -)’

where g = 27.28 1 +=

kilovolts per centimeter

gap spacing, centimeters

function of 2/r for one.sphere grounded. For l-inch-diameter
spheres: l/4-tichgap (0.635 cm), f. = 1.18

3/8-inch gap (0.9525 cm), f. = 1.29

radius of sphere, centimeters

relative”air density, P/P.

density, pounds per cubic foot
.

density of 0.0739 pound per cubic foot

The average error for curves calculated from equation (5) for spheres
having diameters greater than 0.787 inch (2 cm) should not be greater
than 2 ~ercent (reference 9).

Apparatus

A diagram of the electric circuit used is shown in figure 2,
and a sketch of the ducting and electrode mount is shown in fig-
ure 3. Most runs were made using l-inch-diameter spherical elec-
trodes. For part of these runs, the grotied sphere was provided
with a l/32-inch static-pressuretap. ‘lhistap consisted of a
drilled hole concentricwith the sphere and on the axis of the gap,
as shown in figure 3. The special temperature-sensingprobe (fig. 4)
consisted of a l/4-inch-diametersphere welded to the center electrode
of a spark plug and was concentricallylocated within a 3/8-inch-
inner-diametertube welded to the shell of the spark plug.

.
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Measurements

Voltage was’measured using a dtArsonval type instrument and
calibrated resistances, the combinationbeing rated bythe manu-
facturer at O.S-percent instrument accuracy at full scale. Air
velocity was determined from manometer measurements of the total
and static pressure. Air temperature was determinedly thermo-
couples, located as shown in figure 3, with a correction to static
temperature.

Procedure

For static runs, density was varied by changing the pressure
over a range from 5 to 100 inches of mercury absolute. Runs were
made over the density range for gap settings of 1/32 (0.0794-cm),
1/16 (0.1588 cm), 1/8 (0.3176 cm), 1/4 (0.6352 cm), and
3/8 (0.9528 cm) inch with all gays held to a tolerance of +0.001 inch.
The voltage was slowly increased from a value of approximately 5 kilo-
volts below the calculated s~rk-over voltage until spark~ occurred..
Several syark-o~erswere taken at each condition, and all runs were
re~eated as a check. E@heres having surface finishes of 4, 32, and
64 microinches rms were used. The same procedure was followed for
the velocity runs, with the exception that data were taken only for
syheres hav5ng a surface finish of 32 microinches rms and 1/32- am
l/8-inch gap spacings. The temperature-sensingprole (fig. 4) had
a fixed gap of 1/16 inch and a suri?aceroughness of approximately
32 microinches rms. Data were taken only at static conditions for
this probe. In
the atmosphere,
effort was made

all the eqerimental Work air was drawn tiectly from
compressed,and cooled to approximately 80° 3’. NO
to dry the air or filter the impurities.from it.

Results of Experimental Study

Comparison With calculated results. - The results of the static
runs for the l-inch-diameterspheres are compared in figure 5 with
curves calculatedfrom equatio~ (5). The efiertiental ;esults agree
very closely with the calculated curves. Calculated curves are given
only for 1/4- and 3/8-inch gap spacings. (See limits of separation
given with avera~e voltage gradient g in equation (5).) The scat-
ter of data is attributed to momentary variations in supply voltage,
inaccuracies ti measurements, and tipurities in the air.

Effect of static-pressuretap. - Results of static runs for
l-inch-diameterspheres with one of the spheres having a l/32-inch
static-pressuretap are presented in figure 6. The curves of
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figure 5 are superimposed on the data of figure 6 to show the effect
of the l/32-inch static-pressuretap on.the cathode. Three curves
are identical and tilelowering effec$ of the static-pressureta~ on
spark-over voltage for a gap spacing of 3/16 inch is attributed to
flux concentrationat the sharp edge of the tap.

Surf-acefinish. - Data taken to study the im~ortance of sphere
roughness are presented in figure 7. The sphere used as the cathode
in these studies was provided with a l/32-inch static-pessure tap.
The spheres having a surface finish of 32 and 64 microinches rms
(fig. 7) gave a~proxtiately the same degree of scatter, WherQaS the
spheres with a finish of 4 microinches rms (fig. 6) gave a slightly
greater scatter of data. These results indicate that the magnitude
of the effect of surface conditions over the range investigated is
small, particularly for the syheres having a surface of 32 and.64
microinches rms. Any differences between these two surface con-
ditions were obliteratedby data scatter. ~ order to facilitate
comparison, the curve for spheres having a surface finish of 4 micro-
inches rms (fig. 6) are superimposed in fig’ure7. For the l/16-inch
gap spacing, the data for syheres ‘ha~i~ a surface finish of 32 and
64 microinches rms are, in general, lower than for the spheres ha~i%
a finish of 4 microinches row. For further investigation of this
deviation, @ta were taken for a spark-gap spacing of 1/32 inch .
(fig. 7(a)). The curve obtained is almost a straight line with a
very small scatter of data and offers no explanationfor the trend
shown for l/16-inch spark-gap spacing.

,.

.

Temperature-sensingprobe. - The results obtained using the
temperature-sensingprobe (fig. 4) at static conditions are shown
in figure 8. The curve obtained is almost a straight line and the
data are reasonably consistent, indicaiing”thefeasibility of using
a yrobe of this general type and size for tem~erature Sensing.

Effect of gas velocity. - The results of the velocity runs using
l-inch-diameterspheres are shown in figure 9. The curves shown are
from the static ms with the velocity data plotted as individual
points. The gas velocity ~iescalculated using the static pressure
measured at the sphere gap. The scatter of data is no greater for the
velocity runs than for the static r~sj indi~t~ that velocity has
no appreciable effect on spark-over voltage. It is rather common
lmowledge that an arc can be distorted by a moving gas stream and
under certain conditions it may even be blown out. The case’of a
spark-over,however, is not the same. Fig~e 10 is a photograph of
a spark-over taken at a velocity of 350 feet per second, using l-inch-
diameter spheres witln3/8-inch gap spacing. Several s~arks appear

.
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due to limitations of the photographic equipment used. These and
other photographic data obtained show that the spark travels directly
across the gay. Furtlner work, however, is required to
whether velocity or possibly Mach number id a limiting
application of the spark-oter, principle. The type and
of the static-pressure tap also requires. further study/
its accuracy at the higher Mach, numbers.

SUMMARYOF BXSULTS

determtie “
factor in the
the location
with regard to

The investigationof the spark-overvoltage - density relation
indicated that appli=tion of the spark-dischargemechanism to a
gas-temperature-sensingmethod is feasible. For use with an
automatic-control system, this sensing method should give a rapid
response rate and provide a signal output that can be accommodated
in the engine-controlsystem. Experimental results indicated that
gas velocity, electrode-surfacefinish, and a small static-pressure
tap located on an electrode have no appreciable effect ‘onrepro&uc-
ibili%y of spark-over voltage and that a small temperature-sensing
probe could be used satisfactorilyin a gas-turbine engine. An
error of the order of +2 percent was indicated in determining sApark-
over voltage. The error in determination of gas temperature, however,
must also include any error involved

Lewis Flight Propulsion Laboratory,
National Advisory Committee for

Cleveland, Ohio, September

in determining gas pressure.

Aeronautics,
26, 1949.
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Figure 7. - Effect of sphere surface roughness on spark-over vo~tage - density
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Figure 10. - Spark-over voltage between l-inch-diaeter spheres. Surface finish,
32 microinches rma; gap spacing, 3/8 inch; gas velocity, 350 feet per second;

static pr&W3ure, 25 inches mercury absolute; ternperat~, Bo” F.


